In this contribution, we briefly discuss how various physicochemical properties of surfaces affect the wettability and self-cleaning character of both naturally occurring and synthetic surfaces. Using a few selected examples from nature, we discuss the superhydrophobic effect and antifouling character of such surfaces and how these properties are associated with variations in surface chemical composition and topography. We also review a few special case studies aimed at adopting these biomimetic schemes to design and fabricate functional self-cleaning surfaces.
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Another surface texture example involves the colorful wings of butterflies (Figures 1b-d) . The wing scales are hierarchically organized at various length scales. 2 Whereas red and yellow wing colors typically originate from colored pigments, blue and green shades result primarily from light scattered off the complex scales of the wing. The sizes and spatial arrangement of the scales and their ribs partially endow butterflies with their inherent visual beauty and the ability to filter ultraviolet light.
Biological surface texture also enables many types of insects, lizards, and spiders to attach to or detach from landing surfaces, even if these sites are quite smooth. See the June 2007 issue of MRS Bulletin, "Sticky Feet: From Animals to Materials," for more information. For example, gecko feet have hundreds of thousands of hairs (called setae), each with hundreds of submicron-sized pads on the tip. The hierarchically organized setae enable the lizard to adhere to walls through simple van der Waals forces (Figure 1e ). The gecko can stick rapidly to a smooth surface and release the grasp in a fraction of a second. Recent reports indicate that many scientists and engineers have been quite successful at mimicking the ingenious structure of geckos' feet for the design of smart adhesive tools. 4 In contrast to adhesion, surface roughness in nature can also facilitate quite the opposite behavior. For instance, the skin of some fish and reptiles appears to prevent bioadhesion. Insects also benefit from the design of their wings and legs that make them nonwettable. Nonwettability permits water striders (Gerris remigis) to stroll effortlessly on water (Figure 1f) , even in the rain. The unique hierarchical structure of their microsetae along with hydrophobicity of their feet (fraction of air = 97%) can support the insect's weight; a single leg can hold up 152 dyn (1.52 mN), which is 15 times the entire water strider's body weight.
Water Repellency in Bird Feathers and Plant Leaves
From the previous examples, it is clear that surface texture endows living organisms with specialized functionalities. We now turn to the specific aim of this article: examining the properties that govern a surface's ability to stay clean. For the purpose of discussion, a "clean" surface is defined as one that is devoid of debris. Debris can involve toxins, salts, or any kind of biologically unwelcome species. In many instances, these contaminants arrive at the surface dispersed in some form of an aqueous fluid.
Clearly, the most identifiable features of birds are their feathers. Although their primary function is to enable a bird to fly, feathers can also insulate the animal from cold and moist environments. 5 Each feather comprises a main backbone, the socalled quill, which provides support for hundreds of millions of barbs. Interlocking barbs with hooklets endow feathers with desired mechanical properties, namely, stiffness and flexibility. Water repellency of bird's feathers is a complex phenomenon involving 6 the interplay between the texture of the feathers 7 and the presence of oils produced by the bird's preen glands. Birds constantly apply protecting oils to their plumage. Unwelcomed "external lubrication," such as that caused by oil spills, can cause serious problems for birds, however, as oil-contaminated feathers can no longer provide needed insulation from extreme temperatures.
Perhaps the most well-known example of water repellency in nature involves leaves of certain plants. 9, 10 Plant surfaces are diverse in their wettability characteristics, from floating leaves that are wax-free
Introduction
After decades of research, it has become clear that the attributes of biological surfaces stem from a complex interplay between chemistry, surface morphology (such as texture), mechanical properties (such as modulus), and polarity 1 and that these diverse surface characteristics play a pivotal role in determining the functionality of biological materials. Wettability, the basic principles of which are outlined in the introductory article in this issue, provides a convenient measure of the self-cleaning capability of biological surfaces. Surfaces exhibiting high contact angles (θ), so-called superhydrophobic surfaces, are often capable of self-cleaning. However, the determinants of self-cleaning are far more complex; the aforementioned traits typically act together to produce a self-cleaning surface. In this article, we briefly demonstrate this notion with a few examples.
The Diverse Effects of Surface Texture on Biological Function
The unique textures of biological surfaces are responsible for many remarkable feats of nature. For instance, the eyes of moths (Figure 1a ) consist of hundreds of hexagonally organized microscopic pillars, each approximately 200 nm in height, that result in a very low reflectance for visible light. This nearly perfect antireflective surface of the eye in essentially any direction allows the eye to function as a sort of biological "black hole." from the surfaces of leaves minimizes the chances of plant overheating and salt injury. Although this phenomenon of selfcleaning, termed the lotus effect, has been the subject of considerable scientific interest in the past approximately two decades, it has long been known to many Asian cultures. For centuries, they have considered the lotus leaf as a symbol of purity because of its self-cleaning nature.
For this cleaning procedure to work effectively, the spatial arrangement of topographical features on the plant surfaces must allow water drops and surface contaminants to readily leave. Careful examination of the surface of grass leaves reveals lines of topographical protuberances running along the main leaf direction that enable water drops to slide off easily ( Figure 2a ). Rice leaves show similar features (Figure 2b ).
Several research groups have attempted to mimic such situations by creating surfaces with spatially anisotropic wettability characteristics. For instance, Yoshimitsu and co-workers provided evidence that, on substrates comprising lines of pillars, water runs more easily when moving in the direction parallel to the pillars than when moving in the orthogonal direction. 11 Whereas the physical roughness effects that are responsible for endowing grass leaves with self-cleaning properties involve primarily one dominant length scale, there are situations in which multiple length scales of roughness are present and act in concert. One of the most well-known and studied examples involves the lotus leaf (Nelumbo nucifeara). A close examination of the surface of this plant reveals not one but multiple length scales of roughness ranging from nano-to micrometers. As for other water-repellent plant surfaces, contaminating particulates are carried away from the surface of the lotus leaf by water droplets (Figures 2c-g ). The presence of multiple length scales of roughness minimizes adhesion of dirt particulates to the surface of the leaf and enables them to be carried away by the traversing water droplet. A more detailed account of multiple-level roughness wettability is presented by Gao et al. in this issue.
Studying the effect of multiple roughness length scales on wettability is not a new phenomenon. However, many questions still remain. For instance, it is still unclear what role the hairs on certain plant surfaces play. Is it merely the combination of multiple roughness levels that affects plant wettabilities, or does the elasticity of the hairs present on some plant surfaces also play some role in keeping plants clean? 14 Another issue of importance is the question of the thermodynamic stability of water drops on surfaces of leaves. 15 Water repellency (i.e., the lotus effect) seems to be associated with the water drops sitting on air bubbles trapped within the roughness structures. This heterogeneous wetting (Cassie-Baxter) regime might be a metastable one, that is, one with a higher Gibbs energy than the homogeneous wetting (Wenzel) regime, where water completely penetrates into the roughness structures. Experiments varying the size of the feature surfaces, drop size, and imposed pressure have indeed shown that a transition between these two states is possible. 16, 17 Does nature use metastability to gain better water-repellency? This question awaits further research. 
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Biofouling and Foul Release
The preceding examples of biological self-cleaning surfaces considered cases involving the removal of solid particulates and minimization of contact with water. Such surfaces comprise hydrophobic materials with some topographical texture, present on one or more length scales. Situations in which an aqueous liquid continuously contacts a surface, however, give cause for a dramatically different approach in the design of self-cleaning materials. Consider, for instance, a synthetic surface immersed in a biological liquid, such as blood. Almost immediately, various proteins present in the solution arrive at and tend to adsorb on such a surface. If successfully adsorbed, such a protein layer can provide fertile ground for subsequent cell adsorption. Whereas these processes are sometimes welcomed, such as in tissue engineering, 18 in other instances, protein adsorption can be detrimental to the intended function of the material. For example, the adsorption of plasma proteins, such as fibronectin and fibrinogen, on implant materials can promote the adhesion of some plasma platelets. This might subsequently lead to inflammation or clot formation (thrombosis) and ultimately result in malfunction of the device. 19 Intuition might tell us, then, that the problem of protein adhesion to nonbiological surfaces can readily be solved by mimicking the strategies in nature outlined earlier, namely, tuning the wettability of the substrate. However, because proteins are composed of hydrophobic cores and hydrophilic coronas, they typically partition on both hydrophilic and hydrophobic surfaces. The amount of protein adsorbed is regulated by the conditions of the surrounding solution; absorption is highest close to the protein's isoelectric point, where charges from neighboring proteins are effectively screened.
Proteins can readily physisorb on hydrophilic surfaces by attaching their coronas to the substrate. Whereas hydrophobic surfaces are effective selfcleaners on plant leaves, the situation for protein adhesion is even more critical on hydrophobic than hydrophilic surfaces.
Hydrophobic surfaces might cause conformational changes, unfolding, and protein denaturation. The hydrophobic core, which was originally shielded by the hydrophilic corona, attaches to the substrate primarily via hydrophobic interactions. This is clearly evident in the frying of eggs on a pan without the aid of oil. Proteins, such as ovalbumin and others found in eggs, adsorb strongly and irreversibly on such surfaces, particularly when heated, because they open up. This unfolded or denaturated conformational state makes available the hydrophobic segments of the proteins. These segments can then adsorb directly onto the hydrophobic surface, often resulting in the permanent contamination of the surface with biomass.
It has recently become appreciated that it is perhaps not wettability itself but rather the structure of the water molecules near the substrate that might assist in the design of effective protein-resistant surfaces. [21] [22] [23] Research has shown that several kinds of molecules can effectively bind water molecules to a synthetic surface, thus preventing proteins in solution from replacing them. Examples of such protein-adsorption-resistant materials are ethylene glycol, 20 phosphazene, 21 and zwitterion-based surfaces. 22, 23 Yet another example of biological adsorption involves marine biofoulingthe adhesion and growth of bacterial or algal films onto synthetic surfaces. If adsorbed, these layers can cause serious problems, such as clogging membranes and piping systems and adding extra viscous drag to ship hulls, which dramatically increases the costs associated with operating ships. In the past, ship hulls were protected in many instances from marine biofouling by the use of copperand tin-based antifouling coatings. These materials have been shown to have detrimental effects on marine environments. 24 Increased ecological awareness and the high cost of registration of antifouling paints containing toxic ingredients have stimulated interest in the development of nontoxic coatings to control fouling. Although some success has been achieved in this area by utilizing amphiphilic 25, 26 and zwitterionic 22, 23 coatings, the scientific community is still far from designing an effective coating that would protect ships from marine deposits.
Perhaps nature can provide solutions to marine biofouling as well. As mentioned earlier, many types of fish keep their surfaces clean from marine contaminants throughout their entire life, whereas others carry a small amount of unwanted marine cargo on their bodies. Consider, for instance, gray whales (Eschrichtius robustus). Their skin is frequently decorated with quite large deposits of barnacle colonies (Figure 3a) and sea lice. Barnacles, such as Cryptolepas rhachianecti, act as friendly hitchhikers that pose no threat to the whale; during the ocean journey, the barnacles feed on plankton and other food and reproduce. In contrast, lice are parasites that feed on whale skin, particularly in an area of damaged skin. Fortunately for whales, both lice and barnacles are delicatessen for topsmelt (Atherinops affinis), ocean fish that follow whales during their swim. Topsmelt help liberate whales' surfaces of the hitchhikers, thus reducing the viscous drag acting on whale's bodies.
Biological and Synthetic Self-Cleaning Surfaces
744
In contrast to whales, sharks keep their skin meticulously clean. Shark skin comprises a matrix of small, curved toothlike domains termed dermal denticles or placoid scales (Figure 3b ). Because these placoids are mechanically hard and their spines point backward (from head to tail), they form a very tough armor that protects sharks against predators while at the same time reducing the friction of water along the shark's body and the adhesion of marine species. Inspired by the effectiveness of shark skin in minimizing biofouling, researchers from the University of Florida recently developed a biomimetic substrate topography called Sharklet AF that closely resembles the shapes of placoids in shark skin (Figure 3c ). 27 The degree of biofouling reduction due to the Sharklet AF coating depends on the dimensions of the geometrical protrusions as well as the chemistry of the surfaces, in ways that are not yet fully understood.
The use of rough topographies for underwater applications might have an additional effect. As mentioned previously, it is very difficult to prevent the cascade of protein and biological entities from adhering to surfaces in contact with aqueous solutions, such as in a marine environment. However, adhesion can, in principle, be hampered by minimizing the area of contact between the surface and the aqueous solution, an effect that occurs when air cushions prevent water from penetrating roughness grooves. Theoretically, it appears that stable superhydrophobicity can be realized under water, and this has been confirmed by preliminary experimental observations. 28.29 However, it still remains to be seen if this approach can indeed slow bioadhesion to a meaningful extent.
Although much progress has been achieved in designing environmentally benign coatings, none of the technologies available today is capable of completely preventing biofouling. This notion is not surprising, as different marine organisms are likely to settle differently on various surfaces. Perhaps the notion of a responsive/"smart" surface could provide a solution. Of course, one must be aware that, regardless of how "smart" a surface might be, it will not likely "outsmart" all marine organisms, which are quite adaptable and will very likely find a way to attach to the substrate.
The key to producing self-cleaning surfaces might therefore lie in efficient removal, rather than prevention, of biofouling. In the case of ships, one can think of the self-cleaning mechanism being supplied by the drag imposed on the surface of the hulls through the motion of the ship. One possible avenue in protecting ships in an environmentally benign way would thus involve designing efficient foul-release coatings, where considerable progress has already been made. Surface topography, charge, and the dynamics of surface groups might play a role in the coating design. Experiments on the surface chemical composition also suggest that self-cleaning surfaces should have amphiphilic chemical character. 25, 26 
Summary and Outlook
The examples presented here on selfcleaning principles in some plants and animals are intended to provide a basic understanding of how the interplay of surface chemistry, topography, and mechanical properties endows natural structures with their unique functionality. The application of these principles has also led to synthetic structures that exhibit some degree of self-cleaning capabilities. The field of biologically inspired materials has been growing steadily, with new biologically inspired materials already on the horizon. 
